Open physical systems with balanced loss and gain exhibit a transition, absent in their solitary counterparts, which engenders modes that exponentially decay or grow with time and thus spontaneously breaks the parity-time (PT ) symmetry [1] [2] [3] . This PT -symmetry breaking is induced by modulating the strength [4] or the temporal profile [5, 6] of the loss and gain, but also occurs in a pure dissipative system without gain [7, 8] . It has been observed that, in classical systems with mechanical [9], electrical [10] , and electromagnetic setups [11] [12] [13] [14] with static loss and gain, the PTsymmetry breaking transition leads to extraordinary behavior [15] [16] [17] and functionalities [18] [19] [20] . However, its observation in a quantum system is yet to be realized. Here we report on the first quantum simulation of PT -symmetry breaking transitions using ultracold 6 Li atoms. We simulate static and Floquet dissipative Hamiltonians by generating state-dependent atom loss in a noninteracting Fermi gas, and observe the PT -symmetry breaking transitions by tracking the atom number for each state. We find that while the two-state system undergoes a single transition in the static case, its Floquet counterpart, with a periodic loss, undergoes PT -symmetry breaking and restoring transitions at vanishingly small dissipation strength. Our results demonstrate that Floquet dissipation offers a versatile tool for navigating phases where the PT -symmetry is either broken or conserved. The dissipative ultracold Fermi gas provides a starting point for exploring the interplay among dissipation, decoherence, and interactions in open quantum systems.
A fundamental postulate of the quantum theory is that the Hamiltonian of a closed quantum system is Hermitian. It ensures a real energy spectrum and guarantees unitary time evolution. Two possibilities emerge when the quantum system is coupled to a dissipative environment. First, the coupling, such as that to a heat bath, leads to a loss of coherence in the system but preserves the trace of the density matrix, and it can be described by the Lindblad formalism [21] . In the second scenario, the coupling leads to local losses in the system and is reflected in the diminishing trace of the density matrix. Such a system is described by an effective, non-Hermitian Hamiltonian that encodes the energy (or mass) losses to the environment [22] .
In special cases, the lossy Hamiltonian H ′ is equivalent to a Hamiltonian H P T that is invariant under combined parity (P) and time-reversal (T ) operations [23] . A key property shared by both Hamiltonians is the PTsymmetry breaking transition that occurs at an exceptional point [24, 25] -a point in the parameter space where two resonant modes of the Hamiltonian become degenerate [26, 27] . By increasing the local loss in H ′ , this transition is predicted to reduce the overall dissipation rate. Its counterpart, the PT -symmetric Hamiltonian H P T models an open system with balanced loss and gain and allows the eigenmode spectrum to evolve from purely real to complex conjugate pairs at the transition. What is remarkable is that the PT -symmetry breaking transition is expected to occur in an open, noninteracting, quantum two-state system -the simplest system possible. In contrast, in the closed-case, symmetry breaking transitions occur only in interacting quantum systems with many degrees of freedom.
Ultracold atoms are powerful quantum simulators where impressive advances have been made towards simulating many-body physics by conserving coherence and minimizing losses [28] . Open-system quantum simulation with ultracold atoms now has become an emerging field in which the interplay between dissipative and unitary dynamics exhibits intriguing properties [29] . In this letter, we present the first quantum simulation of PT -symmetry breaking transitions using ultracold 6 Li fermionic atoms by engineering static and Floquet dissipative Hamiltonians. We prepare a noninteracting Fermi gas with the two lowest hyperfine states of the 6 Li atom 2 S 1/2 state [30] , labeled |↑ and |↓ . These two states are coupled by a radio-frequency (rf) field with a coupling strength of J, while an optical beam resonant with the |↓ → 2 P 3/2 (labeled as |e ) transition is used to generate the atom loss in |↓ with an amplitude loss rate of Γ(t), as shown in Fig. 1a .
The Hamiltonian for this dissipative two-state system is given by (h = 1)
where the PT -symmetric Hamiltonian is H P T = Jσ x + iΓ(t)σ z /2. We initialize the system with all atoms in |↑ and let the system evolve for a time t by applying the coherent rf field and the dissipative optical field simultaneously. After that, we measure the atom numbers N ′ ↑ (t) and N ′ ↓ (t) using double-shot absorption imaging, which records the atom numbers of two hyperfine states in a single cloud. Since N ′ (t) = σ=↑↓ N ′ σ (t) is not conserved, we adopt the scaled, normalized total atom number n(t) = N (t)/N (0) to characterize the PT -symmetry breaking transitions. Here N (t) = σ=↑↓ N σ (t) is the 
PT -symmetry breaking transitions in a quantum gas with static and Floquet state-dependent dissipations. a, A noninteracting 6 Li Fermi gas occupies the lowest two hyperfine states coupled by an rf field J = π× 2.15 kHz. A resonant optical field generates loss Γ(t) for |↓ state only. c-e and h-j, n(t) as a function of time. Symbols are experimental data, solid lines are theory with no free parameter, and dashed lines are the result for a Hermitian system. b, For static dissipation, the PT -transition, driven by increasing Γ0, occurs at Γ0 = 2J. c, Γ0 = 0.30J and d, Γ0 = 0.98J show the PT -symmetric phase, where n(t) oscillates with increasing amplitude and period. e, In contrast, n(t) increases exponentially in the PT -broken phase with Γ0 = 2.35J. f, Square-wave Γ(t) is applied to generate the Floquet dissipation by amplitude-modulation of the resonant optical field. g, Phase diagram of the Floquet Hamiltonian near the primary-resonance limit shows a triangular PT -broken region. n(t) shows bounded oscillations at Ω = 1.67J in h, an exponential increase at Ω = 2.00J in i, and oscillations again at Ω = 2.33J in j. h-j, Γ0 = 0.22J for each case.
total scaled atom number corresponding to the PTsymmetric Hamiltonian (see Methods). Fig. 1 shows PT -symmetry breaking transitions with static (b-e) and Floquet (f-j) dissipation. For the static dissipation, the PT -symmetry breaking transition is driven by increasing the loss strength Γ(t) = Γ 0 as indicated in Fig. 1b . When Γ 0 < 2J, the eigenvalues ±λ = ± J 2 − Γ 2 0 /4 of H P T are real, and the system is in the PT -symmetric phase. The resulting nonunitary time evolution leads to bounded oscillations in n(t), whose amplitude and period 2π/λ both increase with Γ 0 as shown in Fig. 1c-d . The oscillatory behavior of n(t) indicates that both eigenmodes of H ′ have lifetimes equal to 2/Γ 0 . At the PT -symmetry breaking point Γ 0 = 2J, the two eigenvalues and corresponding eigenmodes of H P T become degenerate. When Γ 0 > 2J, the eigenvalues of H P T become complex conjugates, and n(t) increases exponentially with time as observed in Fig. 1e . This qualitatively different behavior of n(t) is due to the emergence of a long-lived mode for the dissi-pative Hamiltonian H ′ at the transition point. The lifetime of this mode is given by 2/(Γ 0 − Γ 2 0 − 4J 2 ) and it increases with the loss amplitude Γ 0 , which is a key characteristic of dissipative system in the PT -symmetry broken phase.
When the dissipation is periodic in time, i.e., Γ(t) = Γ(t + 2π/Ω), the PT -symmetric and PT -broken phases of the Hamiltonian H P T (t) are determined by the eigenvalues of the time evolution operator G P T (t = 2π/Ω) for one period (see Methods). In our experiment, the Hamiltonian H ′ (t) is realized by square-wave resonant optical pulses with amplitude Γ 0 , modulation depth of 100%, and period 2π/Ω, as shown in Fig. 1f . We focus on the weak-amplitude region in the proximity of the primary resonance, i.e., Ω ≈ 2J and Γ 0 ≪ 2J. The PT phase diagram in Fig. 1g shows that as the frequency Ω is increased, the system evolves from a PT -symmetric phase to a PT -broken phase (red region), and then back to the PT -symmetric phase again. As shown in Fig. 1h , when Ω = 1.67J, n(t) undergoes bounded oscillations with flat steps that correspond to a unitary evolution which occurs when Γ(t) = 0. When Ω = 2J, the system is in the PT -broken phase with an exponentially increasing n(t) as shown in Fig. 1i . As the frequency of loss modulation is further increased to Ω = 2.33J, the system returns to the PT -symmetric phase as indicated in Fig. 1j . In these three cases, the loss strength Γ 0 = 0.22J, is a factor of nine smaller than the static threshold value. This transition, thus, occurs because the Rabi-oscillation-induced occupation of the |↓ state synchronizes with intervals during which the atom loss in |↓ is zero.
To experimentally determine the boundary separating the PT -symmetric and PT broken phases, we investigate the dependence of atom numbers in each state N ′ σ (t, Γ 0 , Ω) on time, the loss amplitude, and the modulation frequency. Fig. 2a shows the atom numbers of the two states as a function of time in the PT -symmetric phase where N ′ σ (t) undergo underdamped oscillations. When the system is in the PT -broken phase, the atom numbers show overdamped decay (Fig. 2b) . However, the decaying number of atoms and the diverging period of oscillations at the PT transition point imply that timedependent state occupations are not best-suited to determine the PT phase boundary. Instead, in Fig. 2c , we use the atom numbers measured at a fixed timepoint t m = π/(2J) as a function of the loss amplitude Γ 0 to determine the transition point. After decreasing initially, the total atom number N ′ (Γ 0 ) increases with increasing loss strength, signaling the emergence of a long-lived mode and the attendant PT -symmetry breaking transition. The inset of Fig. 2c shows the transition point Γ exp obtained by best-fitting the experimental data with Γ exp as the only free parameter. The result, Γ exp = (1.92±0.09)J matches the theoretical expectation Γ exp = 2J very well.
Compared to the case of a static dissipation, with its two phases separated by a single transition point, the PT -symmetry phase diagram in the case of a Floquet dissipation is rich. The (Γ 0 , Ω) parameter-plane has an infinite number of PT -symmetric and PT -broken regions separated by lines of exceptional points [5, 6] . We map the phase diagram in the vicinity of the primary resonance Ω ≈ 2J with a square-wave loss-profile. Fig. 3a shows the time evolution of the normalized atom number n ′ (t) = N ′ (t)/N ′ (0) for five modulation frequencies, and the frequency dependence of n ′ (Ω) at a fixed time point. For all cases, the loss amplitude Γ 0 = 0.22J is an order of magnitude smaller than the static PT -symmetry breaking threshold. We observe that the total atom number loss-rate decreases as Ω → 2J and reaches a minimum at the resonance of Ω = 2J. The loss rate increases again when the modulation frequency is increased further. We characterize the two-dimensional phase boundary by experimentally tracking n ′ (Γ 0 , Ω) at a fixed time-point t m (Fig. 3b) . As the loss amplitude increases, the peak of the normalized atom number, which relates to the PTbreaking phase, remains pegged at the resonance and increases in its width. For each Γ 0 , we use a Gaussian profile to fit n ′ (Ω) and extract the half-width at halfmaximum (HWHM) of the peak. The inset in Fig. 3b shows that the extracted HWHM is linearly proportional to the loss strength, as is the predicted half-width of the PT -symmetry broken region (see Methods). It confirms that the fixed-time, frequency-dependent atom number n ′ (Ω) is a good indicator to characterize the phase diagram of the Floquet Hamiltonian.
Through the first quantum simulation of parity-time symmetry breaking transitions, we have shown that Floquet dissipation offers a remarkably protean approach for probing non-Hermitian open quantum systems. The results demonstrate that PT -symmetry breaking transitions can be induced by judiciously selected temporal profiles of local dissipation. The ultracold atom system described here provides a platform for systematically investigating the interplay among local dissipation which induces PT -breaking transition, interactions, and decoherence in many-body open quantum systems.
Le Luo is a member of the Indiana University Center for Spacetime Symmetries (IUCSS). This work was supported by IUCRG (JM, LL) and NSF grant no. DMR-1054020 (AH, YJ).
Preparing a noninteracting Fermi gas. We prepare 6 Li atoms in the two lowest hyperfine states, |↑ ≡ |F = 1/2, m F = 1/2 and |↓ ≡ |F = 1/2, m F = −1/2 , in a magneto-optical trap. The precooled atoms are transferred into a crossed-beam optical dipole trap (ODT) made by a 100 W IPG Photonics fiber laser. The bias magnetic field is swept to 330 G to implement an evaporative cooling [30] . The trap potential is lowered to 0.04% of the full trap depth in 2.9 s, giving a final trap depth of 2.2 µK for the crossed-beam optical trap. In order to null the interaction between the two hyperfine states, the magnetic field is fast swept to 527.3 G, where the s-wave scattering length of the |↑ and |↓ states is zero [31] . The lifetime of the noninteracting Fermi gas is about 20 seconds, which is three orders of magnitude longer than our typical experimental time. So when the dissipative optical field is absent, this noninteracting Fermi gas can be treated as a closed, two-state quantum system. To prepare a single component Fermi gas in the |↑ state as the initial state, we apply a 5 ms optical pulse with −2π × 30 MHz detuning from the |↓ → 2 P 3/2 transition to blow away atoms in the |↓ state. We typically have about N = 1.5 × 10 5 atoms in a pure |↑ state at temperature T ≈ 0.6 µK. A dissipative two-state Rabi system. To generate Rabi oscillations between the two states, we couple them via an rf field with frequency ω and coupling strength J. An optical beam resonant with the |↓ → 2 P 3/2 transition is used to create the number dissipation (atom loss) in the |↓ state. The resonant-photon recoil energy of 3.5 µK is approximately 50% larger than the trap depth, so atoms absorbing a photon will leave the trap quickly, generating a state-dependent atom loss. The resultant dissipative two-state system is described by a non-Hermitian Hamiltonian (h = 1)
where ω 0 = 2π × 75.6 MHz is the hyperfine splitting at 527.3 G. When the rf drive is close to resonance, i.e., ω ≈ ω 0 , applying the rotating wave approximation for the interacting picture leads to H ′ = −iΓ(t)/2 + H P T , where the non-Hermitian, PT -symmetric Hamiltonian is given by
Here, P = σ x and T = * denotes complex conjugation operation. Starting with an initial state |ψ(0) , the decaying atom numbers for the two states are given by
is the non-unitary time evolution operator obtained via the time-ordered product. It is also useful to define scaled atom numbers N σ (t) = | σ|G P T (t)|ψ(0) | 2 where G P T (t) is the corresponding time-evolution operator for H P T (t).
It follows that
. In a dissipative system, the PT -symmetric phase is signaled by non-decaying, oscillatory N σ (t) and the PT -broken phase is signaled by an exponentially increasing N σ (t).
The rf coupling strength J is measured in the absence of the dissipative optical field, while the atomnumber loss rate 2Γ 0 is measured in the absence of the rf coupling. Fig. 4a shows the Rabi oscillation with Rabi frequency 2J. Fig. 4b shows the atom numbers N ′ ↓ (t) = N ′ ↓ (0) exp(−2Γ 0 t) with a constant dissipative optical field that only couples the |↓ state to the continuum. These measurements are used to calibrate the values of J and Γ 0 for the dissipative two-state Rabi system. PT phase diagram: static and dynamic cases. When the resonant optical field is static, i.e., Γ(t) = Γ 0 , the eigenvalues of the Hamiltonian H P T are given by ±λ = ± J 2 − Γ 2 0 /4 and the PT -symmetry breaking transition occurs at Γ 0 = 2J. At this exceptional point, H P T is defective [24] and has only one normalized eigen-
and the corresponding scaled numbers are N σ (t) = e Γ0t N ′ σ (t). Note that for Γ 0 > 2J, the eigenvalues ±λ become purely imaginary, and the long-time decay rate for N ′ (t) changes from Γ 0 to (Γ 0 − Γ 2 0 − 4J 2 ). When λ is real, the two-state system evolves with period 2π/λ which becomes longer as Γ 0 increases and diverges at the PT -symmetry breaking point. Thus, experimentally probing the dynamics over this time-scale in the vicinity of the transition point is constrained by the residual atoms N ′ σ (t ∼ 2π/λ) remaining in the trap. Instead, we measured the loss-dependent atom numbers at a fixed time-point, N ′ σ (t m , Γ 0 ). We then define a free-parameter dependent eigenvalue λ = Γ 2 exp − Γ 2 0 /2, and fit the data in Fig. 2c to Eqs. 5 to extract the experimentally determined PT -symmetry breaking threshold Γ exp shown in the inset of Fig. 2c .
For a time-periodic loss Γ(t) = Γ(t + 2π/Ω), the PT phase diagram is determined by the eigenvalues of G P T (t = 2π/Ω) or, equivalently, the Floquet Hamiltonian H ′ = i∂ t − H ′ [32] . For a sinusoidal loss profile, Γ(t) = Γ 0 cos(Ωt), the Floquet Hamiltonian H is tridiagonal in the frequency basis. A perturbative calculation in Γ 0 ≪ 2J gives PT -symmetry broken phases for frequencies Ω ∈ [Ω n − δΩ n , Ω n + δΩ n ] where the frequencies Ω n = 2J/(2n + 1) denote single and multiphoton resonances, and the corresponding half-widths 
n devrease in a power-law manner [6] . For experimental simplicity, we consider a squarewave loss profile ( Fig. 1(f) ),
A square-wave loss leads a non-sparse Floquet Hamiltonian H ′ and its PT -symmetric counterpart H P T . However, it gives qualitatively the same results as a sine-wave loss-profile, and is much more controllable experimentally. It is also advantageous because G P T (2π/Ω) can be analytically calculated. In the weak-loss limit, the 8), shown by white lines. As n increases, Ω n and the half-width of the broken-PT symmetry window ∆Ω n both decrease and the linear-phaseboundary approximation is valid at smaller and smaller loss amplitude Γ 0 . Due to these constraints, we experimentally investigate the Floquet PT -symmetry breaking transitions in the vicinity of the primary resonance Ω 0 = 2J, where the half-width of the PT -symmetry broken region is given by ∆Ω 0 = Γ 0 /π.
